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ABSTRACT 

This study was conducted t o  determine the f e a s i b i l i t y  of removing metabolic 

carbon dioxide (CO ) and water f romthe  atmosphere of a four-man space cabin 

by means of a low-temperature freezeout process. 

continuously f o r  one year. 

reduct ion system where it i s  reduced t o  breathable oxygen and waste hydro- 

carbons. 

2 
The system i s  t o  run 

The recovered carbon dioxide i s  passed t o  a 

A port ion of the recovered water is  passed t o  an e l e c t r o l y t i c  

c e l l  and the  

The carbon d 

remainder i s  use.d as drinking water. 

oxide i s  produced a t  a rate of 1 gram-m-le metab l i c  C02/man-hour 

p lus  0.4 gram-moles regenerated C02/hour. 

Metabolic water is produced a t  a ra te  of 1 l b  H20/lb C02. 

w a s  composed of 47.8% oxygen, 47.8% ni t rogen,  1.3% carbon dioxide,  and 3.1% 

water by volume. 

This i s  equal  t o  0.427 l b  C02/hour. 

The cabin atmosphere 

The cabin atmosphere pressure i s  7 ps ia .  

The r e s u l t s  of t h i s  study indicated t h a t  t h e  GO2 removal system shown on 

page ii is feasible f o r  systems having a compressor discharge pressure equal t o  o r  

greater than 70 psia. Power requirement was minimum f o r  the 70 p s i a  system and 

was 550 w a t t s .  

The equipment w i l l  r equi re  a volume of 7 f t 3  and w i l l  weigh 200 l b s .  
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I. INTRODUCTION 

REGENERATION CO, 
A - 

II 1 

This study was conducted t o  determine the f e a s i b i l i t y  of  removing metabolic 

carbon dioxide and water from t h e  atmosphere of a four-man space cabin by 

means of a low-temperature freezeout process. The removed carbon dioxide 

i s  passed t o  a reduct ion System where it is  reduced t o  breathable  oxygen 

and w a s t e  hydrocarbons. 

human consumption. 

Figure 1. 

The recovered water i s  used f o r  e l e c t r o l y s i s  and 

The in tegra ted  system is schematical ly  shown i n  

CARBON DlOX IDE CARBON OlOXlOE 
SEPARATION AN 0 REDUCTION 

co2 SUB - SYSTEM 4!R CQNDlTlONlNG 
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TO CABIN (AIR PRODUCTS) (HOUORY 1 
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c 
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HY OROCARBONS 
(VENTED)  t 

I 
NOXIOUS 

MATERIALS 1 
(VENTED) 

DRINKING 
SUPPLY 

REGENERATION I OXYGEN 

FIGURE I, INTEGRATED CARBON DIOXIDE REDUCTION 
SYSTEM. NAS 9 - 1782 
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The carbon dioxide removal subsystem i s  schematically shown and i d e n t i f i e d  

i n  Figure 2. Flow rates and compositions are a l s o  shown i n  Figure 2. 

It w a s  desired t o  determine the  thermodynamic process which would result i n  

the minimum n e t  power consumption and minimum system weight, 

available at  a penal ty  of 300 pounds per  ki lowatt .  

Power i s  

The following items were assumed constant f o r  a l l  ca lcu la t ions :  

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

Compressor i n l e t  conditions 

Compressor o u t l e t  temperature 

Cooler temperature 

I n l e t  temperature of high pressure stream t o  switching 

heat  exchanger 

Temperature and pressure of turb ine  o u t l e t  

System heat leak 

Temperature and pressure of low pressure stream leaving the  

switching heat exchanger 

Carbon dioxide removed, 

The c r i t e r i a  used i n  determining the constants  are discussed under the 

Process Design Cr i t e r i a .  

Compressor discharge pressure was the  independent va r i ab le  of  t h e  system. 

The dependent var iab les  were : 

1. Net power consumption 

2. 

3. 

Balancing heat load on switching heat exchanger 

Outlet temperature of high pressure stream i n  t h e  switching 

heat exchanger. 

2 
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The net power required by the  system w a s  ca lcu la ted  

pressures  of 40, 75, 100, 150, 400, and 1000 psia .  

are shown i n  Table I and Figures 3 ,  4, 5 ,  6, and 7. 

I 
f o r  compressor discharge 

Resul ts  of these  ca l cu la t ions  

All systems are feasible f o r  discharge pressures  equal t o  o r  g r e a t e r  than 

70 ps ia .  

discharge pressure of 70 ps ia .  Power consumption of t h i s  system was 550 w a t t s .  

The minimum power requirement system occurred at a compressor 

The equipment considerat ions a re  discussed under Equipment Criteria. A 

detailed set of ca lcu la t ions  f o r  the 100 p s i a  system i s  presented under 

Calculat ions of CO Removal Systems. 2 
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11. PROCESS DESIGN CRITERIA 

CONSTANT QUANTI TIES 

1. Compressor I n l e t  Conditions 

The system feed  stream i s  drawn from t h e  cabin atmosphere. 

pressure and oxygen-nitrogen composition were spec i f i ed  by NASA. 

CO 

rate of 1 gram-mole CO /man-hour p lus  a regenerat ion rate o f  0.4 gram-mole 

C02/hour, 

metabolic CO 

The cabin 

The 

f l o w  rate of 0.427 lb/hour w a s  based upon a metabolic produ6tion 
2 

2 

Metabolic water production w a s  taken as 1 l b  H20/lb C02. The 

and H 0 production r a t e s  were based upon a 3000 c a l o r i e  d i e t .  2 2 

2, Compressor Outlet Temperature 

The compressor ou t le t  temperature was se l ec t ed  as 100°F. 

can be r ead i ly  a t t a i n e d  by ava i l ab le  commercial equipment. 

This temperature 

3. Cooler Temperature 

The design cooler  temperature was taken as 40°F. 

low enough t o  assure condensation of a major por t ion  of water vapor, y e t  

it w a s  high enough t o  prevent  f reee ing  of t h e  condensed water. 

This temperature was 

4. I n l e t  Temperature of Feed Stream t o  Switching Heat Exchanger 

The counterflow re tu rn  stream e x i t  temperature w a s  70°F as determined 

by cabin conditions.  

switching hea t  exchanger was se lec ted  as 10°F, a f i g u r e  commonly used i n  

exchanger design. 

f i x e d  a t  80O~.  

The temperature d i f fe rence  a t  t h e  warm end of t h e  

The i n l e t  temperature of t he  exchanger w a s ,  t he re fo re ,  

11 



5. Temperature and Pressure of Turbine Outlet  

The pressure a t  t he  tu rb ine  o u t l e t  was determined by t h e  cabin pressure  and 

the  pressure drop between the  turbine and cabin. 

7 p s i a  and t h e  pressure  drop was estimated at  1 p s i .  Therefore,  t h e  tu rb ine  

o u t l e t  p ressure  w a s  taken as 8 ps ia .  

chosen as -250°F. 

would not be l i q u e f i e d  i n  the  flow stream. 

stream t o  the  cabin i s  0.29 ppm. 

The cabin pressure  w a s  

The tu rb ine  o u t l e t  temperature w a s  

This temperature w a s  high enough t o  assure  &hat  oxygen 

The concentrat ion of CO i n  t h e  
2 

6. Heat Leak 

The hea t  leak  w a s  ca l cu la t ed  based upon t h e  use of evacuated mul t ip le  l a y e r  

insu la t ion .  

e f f i c i ency  of 95%. 

5% 

cold  box and equipment does not vary appreciably f o r  t h e  var ious systems 

considered, t he re fo re ,  t he  heat leak  was considered a constant .  

The generator  used t o  load the  tu rb ine  was assumed t o  have an 

Since the  generator  i s  loca ted  i n s i d e  t h e  co ld  box, t h e  

lo s ses  were considered as  a hea t  leak  i n t o  t h e  system. The s i z e  of t h e  

7. Out le t  Temperature and Pressure of Return Stream on Switching 

Heat Exchanger 

The o u t l e t  temperature and pressure of t h e  r e t u r n  stream i n  the  switching 

hea t  exchanger were 70°F and 7 p s i a  r e spec t ive ly ,  as determined by t h e  

des i r ed  cabin atmosphere. 

8. Carbon Dioxide Removal 

Carbon dioxide i s  removed at t h e  r a t e  of 0.427 lb/hour.  

determined as discussed previously.  

1.3% of the  t o t a l  flow, va r i a t ions  i n  t h e  metabolic generat ion rate caused 

This r a t e  w a s  

Since t h e  design C02 r a t e  i s  only 

12 



by per iods of phys ica l  exer t ion  w i l l  not produce appreciable  e f f e c t s  i n  

t h e  system power requirements. 

IIJDEPEN DENT VARIABLE 

Compressor Discharge Pressure 

"he first system ca lcu la t ions  were made f o r  a discharge pressure  of  150 p i a .  

When t h i s  system was found t o  be f e a s i b l e ,  ca l cu la t ions  were made f o r  

discharge pressures  of 100, 75, and 40 ps ia .  The 40 p s i a  system was not  

f e a s i b l e  because of i n s u f f i c i e n t  r e f r i g e r a t i o n  and unachievable required 

tu rb ine  e f f i c i e n c i e s .  Calculat ions were then made f o r  discharge pressures  

of 400 and 1000 ps i a .  The ne t  power requirement c h a r a c t e r i s t i c s  ind ica ted  

t h a t  t h e r e  w a s  no advantage i n  making ca l cu la t ions  at higher  pressures ,  

DEPENDENT VARIABLE 

Out le t  Temperature of Feed Stream i n  the  Switching Heat Exchanger 

The o u t l e t  temperature of t h e  feed stream i n  t h e  switching heat  exchanger 

was chosen as lO*F above t h e  sa tu ra t ion  temperature or CO taken at  t h e  

part ia l  pressure  of C02. 

will not  f r eeze  on the  exchanger w a l l s  f o r  s l i g h t  f l uc tua t ions  of  t h e  

2' 

2 A 10°F temperature margin w i l l  assure t h a t  CO 

t u rb ine  o u t l e t  temperature. 

13 



111. EQUIPMENT C R I T E R I A  

COMPRESSOR 

The compression r a t i o  and working f l u i d  used i n  t h i s  system are commonly 

handled by commercial compressors. Lubrication and weight  a r e  s p e c i a l  a r eas  

which must be considered. The compressor weight can be minimized by using 

l igh tweight  metals such as aluminum and t i t an ium now used by t h e  a i r c r a f t  

indus t ry  . 
The flow stream should be maintained o i l  f r e e  because of oxygen incompat ib i l i ty  

and contamination of dr inking water and flow l i n e s .  The use of an o i l - f r ee  

compressor w i l l  e l iminate  the  lub r i ca t ion  problem. P is ton  type o i l - f r ee  

compressors are ava i l ab le  COIllmeX'Ci€illy(ll), however, t he  volume flow r a t e s  are 

s e v e r a l  times l a r g e r  than t h e  348.5 gram-moles/hour of t h e  C02 removal system. 

A development program would be required t o  sca l e  down t h e  ex i s t ing  compressors. 

The hea t  of compression may be used t o  hea t  t h e  cabin.  

a l ready  f u l f i l l e d ,  the compressor may be mounted ex te rna l ly  t o  the  cabin and 

t h e  hea t  can be d i s s ipa t ed  by rad ia tors .  

If t h i s  funct ion i s  

WATER SEPARATION I N  A ZERO GRAVITY FIELD 

The water can be removed by u t i l i z i n g  t h e  k i n e t i c  energy of t h e  flow stream 

i n  a vo r t ex  type separa tor .  "he flow stream i s  conducted through a sp i ra l  

path and the  water drople t s  a r e  forced aga ins t  t h e  container  w a l l  by cen t r i fuga l  

force.  The l i q u i d  i s  moved i n t o  a r e se rvo i r  by f l u i d  f r i c t i o n .  

Separators  have been developed in  which t h e  water drople t s  are impinged onto 

a r o t a t i n g  impeller.  The impeller hu r l s  t h e  water r a d i a l l y  outward. The use 



of moving p a r t s  makes t h i s  type of separat ion l e s s  des i r ab le  than t h e  vortex I 
type  

TURBINE 

A t u rb ine  having t h e  c h a r a c t e r i s t i c s  requi red  by t h e  C02 removal system i s  
I 

n o t  a v a i l a b l e  from commercial suppl ie rs  . 
of small air  tu rb ines ,  have indicated t h a t  modif icat ions could be made on 

the i r  model 1001 which would r e s u l t  i n  t h e  thermodynamic expansion requi red  

by the  C02 removal subsystem. 

The s e l e c t i o n  of t u rb ine  bear ings must a l s o  be considered. Three types of 

Barbour-Stockwell('l), manufacturers 

t 
I 

I 
I bearings are ava i l ab le  : 

1. O i l  l ub r i ca t ed  bear ings 

2. Gas lub r i ca t ed  bear ings 

3. Dry bearings.  

O i l  l ub r i ca t ed  bear ings requi re  the  use  of an oxygen compatible o i i  such as 

a halocarbon. 

100,000 RPM. 

Dry bear ings such as  G r a p h a l l ~ y ( ~ ! ~ ~ )  have been operated at 
I 
I This material i s  compatible with oxygen a t  low temperature. 

I t  i s  recommended t h a t  a turb ine  development program be undertaken s t a r t i n g  

with t h e  modified Barbour-Stockwell model 1001 tu rb ine  having Graphalloy 

bearings.  

8 

The device t o  load  the  tu rb ine  i s  conceived as an e l e c t r i c a l  genera tor  8 
mechanically coupled t o  the  turbine., 

a metal  case loca ted  i n  the  evacuated cold box. The pressure  i n  t h e  turbo-  

This turbo-generator would be sealed i n  I 
genera tor  case can be maintained pos i t i ve  thus  preventing any problems 

a s soc ia t ed  wi th  genera tor  l ub r i ca t ion  i n  a vacuum. 
I 

15 
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NOXIOUS MATERIALS 

The major noxious materials which may be found i n  t h e  cabin atmosphere are 

s u l f b r  dioxide, methane, freons,  and bac te r i a ,  (3 )  . 
Sulfbr  Dioxide, SO : 

acid and w i l l  be removed i n  t h e  drinking water. 

Bacteria:  Bacter ia  can be removed from the  process stream by means of an 

u l t r a f i n e  s t e r i l i z a t i o n  filter. One of t h i s  type of f i l t e rs  i s  the  Ultipor . 
Methane, CH4: 

methane enter ing the  C02 removal subsystem w i l l  pass through the  system 

unaffected s ince the  lowest temperature i n  t h e  system i s  -250'F. An adsorption 

column of s i l i c a  gel located on the low pressure stream between the  turbine and 

switching heat exchanger w i l l  remove the methane from the system. 

The SO2 w i l l  combine wi th  t h e  water t o  form sulfurous 

(15) 

The melting point  of methane i s  -296.5OF at  169 psia .  Any 

- Freon: The boi l ing  and melting points of t he  Freons 

Freon - 
11 
12 
13 
1 3 B 1  
14 
21 
22 
23 
112 
113 
114 
114B2 
115 
116 
c318 
502 

TABLE I1 

BOILING AND EIELTING TEMPERATURE 
OF VARIOUS FREONS AT 1 ATMOSPHERE 

(8) are shown i n  Table I1 . 

Boiling Temperature 
OW 

Freezing Temperature 
OF 

+ 74.8 
+ 21.6 
-114 6 - 72.0 
-198.4 

- 41.4 
-115 7 
+199.0 
+117.6 
+ 38.4 
+117.1 - 37.7 
-108.8 
+ 21.5 
+ 50.1 

+ 48.1 

16 

-168 
-252 
-29 4 
-270 
-299 
-211 
-256 
-247 4 
+ 74.8 

-166 . 8 

- 31 
-137 

-159 
-149 1 - 42.5 
-0.- 



Although most of the  Freons t h e o r e t i c a l l y  would be i n  t h e  s o l i d  s t a t e  a t  

the  tu rb ine  o u t l e t ,  at  any p a r t i c u l a r  t ime, the quant i ty  of Freon present  

i s  i n s u f f i c i e n t  t o  form an appreciable amount of s o l i d  p a r t i c l e s .  

random molecules of Freon passing through the system w i l l  be adsorbed i n  

the s i l i c a  g e l  bed loca ted  between the C02 t r a p s  and the switching heat 

exchanger‘’). 

outs ide the cabin. 

The 

The bed can be reac t iva ted  by venting it t o  t h e  atmosphere 



I V .  CALCULATION PROCEDURES 

COMPRESSOR WORK 

The required number of compression stages w a s  calculated based upon equal 

work per stage.  

condition i s  

The equation from the  l i t e r a t u r e  (14) expressing t h i s  

where : 

Px is  the  

P1 is  the  

P2 is the  

n is  the  

The left side 

discharge pressure of t he  first stage 

compressor i n l e t  pressure 

compressor discharge pressure 

number of stae;es. 

of t he  equation is constant f o r  each stage.  A value of 4 i s  

used i n  moot compressor designs. 

A number of stages n w a s  assumed and Px/P1 was calculated.  

g r e a t e r  than 4, a higher in teger  w a s  chosen f o r  n. 

4, a lower in teger  w a s  chosen for n. 

If Px/P1 was 

If P /P1 was less than 
X 

(6) When n was determined, t he  compressor work w a s  obtained . 
BALANCING HGAT MAD ON THE SWITCHING HEAT EXCHANGER 

The o u t l e t  temperature of the  feed stream T U  w a s  determined as discussed 

previously. 

by wr i t ing  an energy balance on the heat exchanger as shown i n  Figure 8. 

When T 1 1  w a s  determined, t h e  balancing heat load w a s  calculated 

18 
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RETURN I 

I 
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FIGURE 8 .  ENERGY FLOW DIAGRAM OF SWITCHING 
HEAT EXCHANGER 

The heat exchanger s i z e  was ca lcu la ted  as shown on page 33 . Calcula t ions  

ind ica t ed  t h a t  a heat l e a k ' o f  100 BTU/hour would be obtained using evacuated 

mul t ip le  l a y e r  i n su la t ion .  

above 40 psia, the  balancing hea t  load w a s  g r e a t e r  than 100 BTU/hour. 

an a d d i t i o n a l  hea t  load would have t o  be provided. 

would have t o  be equal  t o  the  balancing heat load minus 100 BTU/hour. 

coo le r  r e f r i g e r a t i o n  w i l l  provide a por t ion  of  t he  load. 

r e f r i g e r a t i o n  shown i n  Figure 2 represents  t h e  remainder of the requi red  load  

and may be used f o r  cool ing equipment anywhere i n  t h e  cabin. 

cannot be used i n  the cabin,  t h e  flow stream can be passed t o  a r a d i a t o r  

e x t e r n a l  to.  the cabin. 

For systems having a compressor discharge pressure  

Therefore,  

This a d d i t i o n a l  hea t  load 

"he 

The ava i l ab le  

If t h i s  r e f r i g e r a t i o n  

For systems having a compressor discharge pressure  less than  66 p s i a ,  t he  t o t a l  

heat load  is  g r e a t e r  than the  balancing heat load,  and a u x i l i a r y  r e f r i g e r a t i o n  

would be required.  

1 9  



TURBINE 

The tu rb ine  work represents  t h e  amount of energy removed from t h e  flow 

stream i n  order  t o  maintain the  system i n  thermal equilibrium. 

work was  ca l cu la t ed  by wr i t i ng  an energy balance on t h e  heat exchanger-turbine 

c i r c u i t  as shown i n  Figure 9. 

The tu rb ine  

EXCHANGER 

0 
TURBINE - ' 

WORK - I I TURBINE 1 
I 
I 
I 
I 

TRAPS 
co, I 

orunwrn I 1 

TRAPS 
co, O t  

I 

FIGURE 9, ENERGY FLOW DIAGRAM OF TURBINE -SWITCHING 
HEAT EXCHANGER GROUP 

Once t h e  tu rb ine  work was computed, t h e  required tu rb ine  e f f i c i ency  could be 

Actual Turbine Work ca lcu la ted .  The e f f i c i ency  was defined as Isentropic Turbine Work 

20 



The i s e n t r o p i c  turb ine  work w a s  equal t o  m ( h  1 r h 1 2 s )  ' where m is  t h e  

system flow rate and (hll-h12s) i s  t h e  i s en t rop ic  enthalpy change between 

p o i n t s  11 and 12. 

The use of Joule-Thomson expansion was considered ins tead  of t h e  turbine.  

I n  order  t o  a t t a i n  7 p s i a  and -250'F a t  t h e  valve o u t l e t ,  t h e  valve i n l e t  

temperature T l l w o u l d  be such t h a t  C02 would f r eeze  onto t h e  w a l l s  of 

t h e  switching heat exchanger. 

not  f e a s i b l e  i n  t h i s  system. 

Thus, t h e  use of Joule-Thamson expansion i s  

21  



2 -  
V. CALCULATIONS OF CO, REMOVAL SYSl'EM 

L 

HAVING 100 PSIA COMPRESSOR DISCIiARGE PRESSURE 

Cabin Atmosphere Analysis : 

4.4.gram-mole co 1 l b  1120 

hour and l b  C02 Given : 

2.44 gram-mole H 0 2 1 gram-mole M 
18 grams H20 

2.44 gram-mole H 2 0  4.4 gram-mole CO 10.8 gram-mole H 2 0  

gram-mole C02 )(,-) = hour 

standard liters of co2, 
hour O2' Given: 7568 

O29 N2 337.9 gram-mole C02, 

hour 
7568 standard gr  am-mole 

hour 22.4 standard l i t e rs  

Given: 0 and N are present i n  equal, volume percent. 2 2 

= 47.8275 75.64 $ N 2 =  

22 



Analysis of Cabin Atmosphere: 

= 47.82% 

= 47.82% 
O2 

N2 
co2 = 1.26% 

H20 = 3.10% iEzz 

COMPRESSOR WORK 

100 
7 Compression Ratio - = 14.29 

For a two-stage reciprocating machine with equal work per stage, the 

where Px and P1 is the interstege and 
P 

compression ratio per stage is - 
inlet pressure respectively. 

X 

p1 

K = 1.4 (ref. 6) 

12.8 HP 
SCFM) ( "Fhe brake horsepower is I( 

r am-mole The total flow was shown to be 348.7 hour 

liters) i.0353 liter ft'x T i K  hour ) 4.6 scm 

Compressor work = 1.2 HP = 887 watts 

23 



WATER OF COMPRESSION 

Saturat ion pressure of H 2 0  a t  100°F i s  0.9492 p s i s  ( re f .  12 ) .  

The volume per cent of water i n  the stream leaving t h e  compressor i s  

(e)”” = 0.95%. 

The C02, 02, and N 

The percent composition of the C02, 02, and N2 thus are 

thus w i l l  account fo r  100.00-0.95 o r  99.05%. 2 

X 99.05 = 1.29% 4.4 
337 9 % co2 = - 

x 99-05 = 48.88 166.8 
I N 2  =337.9 

% H20 = 0.95 

The amount of water vapor i n  t h e  stream leaving the No. 1 separator i s  

f 3.24 gram-mole Ii20/hour 
0.95 gram-mole H 2 0  

1.29 gram-mole CO 2 ) ( 4.4 gram-mole CO 

hour 

The amount of water removed i n  the f irst  water separator i s  

ram-mole - - 7.51 gram-mole 
hour hour (10.75 - 3.24) 



COOLER REFRIGERATION 

"he heat  exchanger, cooler ,  configurat ion i s  shown i n  Figure 10. 

FIGURE IO.  ENERGY FLOW DIAGRAM OF HEAT 
EXCHANGER-COOLER UNIT 

Writing an energy balance across  the  con t ro l  volume: 

M 4 h 4 = Q + M h  + M  h 8 8 10 10 

& =  

& =  

- h M1O h10 - M1O co2 h10 co2 - 1410 
H2° O 2  O 2  

Col lec t ing  terms according t o  components 

1 + M 4  ( h 4  - h10 ) 

c02 co2 c02 
Q = M4 (h4  - h10 

O2 O2 O 2  IJ2 

h8 - 5 0  - M 
8H20 Ii20 

( 3 )  

( 4 )  



I 

Enthalpies for 02, N2, and CO 2 are taken from reference 5. 
~ 

166.8 gram-mole 0, ) (&;<rams) ( 5890-5740)1b-mo1e BTU 
M4 (h4 - h10 = ( hour 
O2 O2 O2 

c c 

166.8 gram-mole N BTU 
=( hour (45; g a m s )  (5885-5750) lb-mole 

'O) N2 

BTU ( 1  6220-6050 lb-mole 
4.4 gram-mole CO, 1 l b  

hour 453 grams M4 ( h 4  - h10 I =  
c02 c02 c02 

BTU ) = 1.7 - (h4 - h10 hour 
c02 

M4 
c02 c02 

= 1105.2 taken from reference 11. l b  h 
4H20 

I \  I \4'3 grams 
nour 

UTU = 142.3 hour 4 ~ 2 ~  h4 € 1 ~ 0  

CALCULATION OF M, 

The return stream i n  the  heat exchanger is  saturated with water a t  40°F. 

The saturat ion pressure of  water a t  40°F is  0.1217 pSia. Thus, the  volume 

per  cent of water i n  the return stream leaving the  No. 1 heat  exchanger i s  

0.1217 x 100 = o.13%, 
95 
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~~ 

The 02, N 2 ,  C02  account fo r  100.00 - 0.13 = 99.87%. 

Thus, t he  a n a l y s i s  of  t h e  stream leaving No. 1 heat  exchanger and t r ave l l i ng  

toward the switching heat exchanger is  

x 99.87 = 49.31 166.8 
337.8 % 0 2  = - 

x 99.87 = 49.31 166.8 
337.8 % N2 = - 

% H20 = 0.13 

The water leaving No. 1 exchanger i s  M 
1011*0 

0.13 gram-mole li 0 

1.13 gram-mole CO 2 ) ( 4.4 gram-mole CO 

hour 
0.44 gram-mole 

P = M  
hour l0H2O 

The water removed i n  No. 2 separator i s  M 
'H20 

ram-mole - ram-mole - (3,24 - n , h @  5 - 2,Rn - My 
hour b, A nour 

2 

h8 = ( 2.8 hour gram-mole ) (gram-mole) 18 grams (z5: ::as) (y) 
8H,0 H20 

BTU 
= 0.9 M8H20 h8 H20 

h 
"'OH 2 0 l0H2O 

= (  0.44 hour gram-mole ) (gram-mole) 18 grams ($5; ::ams) 1°g5 E) 
BTU = 19.1  - hour 

27 
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( BTU ) ( hour ) ( Watt ) = 67.0 Watts = 228*9 hour 0.05692 BTU/min 

SWITCHING HEAT EXCHANGER 

SWITCHING HEAT 
EXCHANGER 

FIGURE I I .  ENERGY FLOW DIAGRAM OF SWITCHING 
H E A T  EXCHANGER 

'I'he pressure  o r  CU i n  t h e  excnanger 1s i;.ai - x l u u  = A . 3  ps ia .  me saturation 

temperature of CO 

i n  t h e  exchanger, l e t  Q be such t h a t  Tll = -145OF. 

&, t h e  balancing hea t  load,  i s  comprised as follows: 

2 

at 1.3 p s i a  i s  -155OF. In  order  t o  prevent  any C02 f reezeout  
2 

UTU 
Qa = hea t  l eak  i n t o  switching hea t  exchanger = 100 - hour 
&b = cooler  r e f r i g e r a t i o n  

Qc = ava i l ab le  r e f r i g e r a t i o n  = Q - (Qa + 
Qb' 

Writing an energy balance f o r  the exchanger: 

MIOh10 + M14h14 + Q = Mllhl l  + M h 17 17 (12) 



h + M  h + M  h + M h 
+ M l l N  11N2 11c02 11c02 1702 1702 1 7 N 2  1 7 N 2  

= M u o 2  h 1lO2 

2 

h - M1O h10 - M1O 
co2 co2 H2° 

- M1O h10 + M  h 

1 7 ~ 2 ~  O 2  O 2  

Collecting the  terms according t o  components 

Q = Mll ( h  - h10 + M ( h  - h  
+ M1l (hll - h10 1 O 2  1102 O 2  'lw2 1 1 N 2  I O N 2  c02 c02 c02 

- h  ) + M  ( h  - h  1 ( 1 4 )  
1 4 N  2 171i20 171120 10h20 ~ 

+ M  (h  - h14 + M ( h  
1702 1702 O 2  17N2 1 7 N 2  

=( 166.8 gram-moles ) (452rms) (4160-5740) BTU lb-mole 
(h  no - h10 hour 

O 2  2 O2 

BTU 
hour ) = -581.8 - M1l (h 

O 2  

BTU 166.8 gram-mole) ( 4155-5750) lb-mole ( lb ) t53 grams - 
= ( hour 

2 

(16) 

2 2 

UTU 
(hll - h10 I =(Lab hour gram-mole) ( 453 lb grams ) ( 4155-6050) lb-mole 

c02 c02 c02 

~ 

(17) UTU ) = -18.4 - (hll - h10 hour 
co2 co2 c02 1 

166*8 rm-mole) (4 Ib ) (5680-3470) lb-mole BTU 
( h  - h14 = ( hzur 53 grams 

1702 O2 
17 M 

O 2  

29 



BTU - h = 810.0 hour 
17N2 l4rr 2 

(h  M17N 
2 

. I 
I 

coo 
: @ ~  

TRAPS 
I 
I I , 

(19)  

I 
I 

I I 

o . 44 gram-mole M ( h  - h  
1 7 ~ 2 ~  1 7 ~ ~ 2 ~  

( h  - h  = .03 hour BTU This term may be (20)  
l7B20 l0H2O ignored. 

Substituting Equations ( 1 5 ,  16, 17 ,  18,  and 19) in to  Equation (14)  

Q 0 (-581.8 - 587.3 - 18.4 + 813.7 + 810.0) BTU/hour 

Q * 436.2 BTU (21) 

= 128 Watts BTU hour Watts 
0.05692 BTU/min Q 436.2 hour 



Writing an energy balance across t h e  control volume 

M l ~ h l ~  + = M17h17 + "Turbine + '113h13 

'Turbine 10 10 17 17 13 13 = M  h + Q - M  h - M  h 

+ + 436.2 hour BTU 
h10 co2 co2 'Turbine = M1O O2 h10 O 2  

- M  h 13 13 h - M h - M170 2 1 T O 2  17H2 1 7 N 2  

Collecting terms according t o  

- 
'Turbine = M 1 O  ( h10 

O2 O2 

component 

+ 436.2 hour BTU + M10 ( h10 - h13) 
c02 c02 

- h  ) = k6' 8hf:y-mo1e) (&*) ( 5740-5680) BTU 

Mlo  ( h10 1702 O2 O2 
I V I ' I  I 

AI J - L L . I  - - 
1702 hour 

O2 

166.8 gram-mole BTU )( k 5 G r m s )  (5750-5680) 5 M1O ( h10 - 1 7 N 2  =( hour 
N2 N2 

BTU 
hour = 25.8 - 

Assuming the  

- - 
h13 

c02 

CO i s  removed 2 

hx + cp (T-250 

i n  the so l id  s t a t e  at -250°F a t  point 13 

- Tx) 

where point  x i s  the  saturated so l id  s t a t e  point  at 7 psia.  

3 1  

(24) 



[ -250 - (-125)] OF BTU 
lb-mole OF C for solid C02 = 11 

P 

BTU 
13 - 7975 lb-mole 
c02 

I3Tu 
(26) ) = 136 - Mlo ( h10 - h13 hour 

c02 c02 c02 

Substituting Equations (24, 25, and 26) into Equation (23) 

(27) BTU = 620.1 'Turbine 

= 182 Watts Watts 
'Turbine 0.05692 BTU/min 

_ _ _ ~  TUHBINE E FFI CIEN CY 

x 100 Actual Turbine Work 
% Efficiency = Isentropic Turbine Work 

EFF = (Mll - h14)actual 
XMl1 - h14)isentropic x 100 

(30) M1l h14i + M14 h14i + M14 h14i M14h14 isentropic = 

O2 O2 N2 N2 c02 c02 

isentropic = [ 166.8 ram-mole )( ,, lb ) (3090 lbrzle) 
M14h14 hour 53 grams 

+ t6.8 ;;ymole) (: 53 grams lb ) (3090 lb-mole BTU) + (4.4 ;;:-mole) ( GEGE lb ) 
32 



BTU BTU UTU 
hour M14h14 isentropic = 1137.8 - + 1137.8 hour - 77.5 hour 

BTU M14h14 isentropic = 2198.1 - hour 

BTU = (1531.7 + 1529.9 + 40.4) hour Mllhll 

BTU 
hour Mllhll = 3102.0 - 

BTU BTU 
54hl4 = 1277.8 + 1281.4 hour - 77.5 - hour hour 

nw M14h14 = 2481.8 - hour 

Substituting 31, 32, and 33 i n t o  Equation 29 

(100) = - 620*2 (100) 3102.0 - 2481.8 
3102.0 - 2198.1 903.9 

% Efficiency = 

% Efficiency = 69% 

SWITCHING HEAT EXCHANGER SIZE 

%xch o 

%xbh 

%xch 

%xch 

= h ACT 

MIOh10 - Mllhll + %eat Leak 

=( 581.8 + 587.3 + 18.4 + 436.2)BTU/hour 

= 1623.7 BTU/hour 

Assume AT is a log mean temperature difference 

AT = 41°F 

3 = = 40 BTU/hour-OF hoA CT 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(39) 

(40) 
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For a Trane core heat exchanger type 50-375 from reference 

2 Flow Area = 0.037 ft  /passage 

Mass flow rate The mass veloc i ty  G is  equal t o  Flow Area 

- 1  
hour ft' passage 

lb P, th - r - fore ,  t he  hour f t  All of the Trane data are given i n  terms of 

molecular weight of the flow stream must be found. 

The volumetric analysis  of t he  high pressure flow stream i n  t h e  switching 

heat exchanger was shown t o  be 

49.31% O2 
49.315 N2 
1,308 C02 
0.13% H20 

This can be converted t o  mass per cent by multiplyin8 each~component by 

i ts  molecular weight 

0.493 gram-mole 

gram-mole t o t a l  

0.493 gram-mole N 
= 13.80 gram-mole t o t a l  gram-mole N 

0,013 gram-mole CO,) (44 grams C022) 

gram-mole t o t a l  gram-mole CO = 0.57 

0,0013 gram-mole H 

gram-mole t o t a l  
rams t o t a l  

30.17 gr2-mole t o t a l  

34 



1 ram-mole dry gas)[ g ram-mole t o t a l  gas ) [ 30.17 ..-s) 

= k3"' a hour ,9987 gram-mole dry gas gram-mole 0.037 f t L  passage 

Assuming the  use of one passage per stream, then 

2 
= 609 = 15,600 lbm/hour f t  ii 0.039 

From curve A-A, 

3 = 0.025 

ho(Pr)2/3 

P 
3 "  G C  

35 
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hO = 4 . 29 BTU/hour-ft2-OF 

Subs t i tu t ing  Equation (49) i n t o  Equation (40) 

hoA = 40 BTU/hour O F  

40 BTU Hour f t 2  OF 
A = Hour OF 4.29 BTU 

A = 9.1 f t 2  heat  t r ans fe r  are8 

2 Since the re  is 17.55 f t  Ift passage the  length of the  heat exchanger should be 

0.52 f t  long. 

Make exchanger 30" long t o  assure H20 removal. 

of two passages. 

regular  i n t e rva l s  i n  order to r e m ~ e  the  u&xx from t h e  exchanger. 

The exchanger will be comprised 

The high pressure and low pressure streams w i l l  awitch a t  

For the  low pressure s ide  of t h e  exchanger: 

-250 + 70 e -900~ 
2 Bulk Temperature = 

= 0,034 lb/ft-hour 

G 
v 
J =  

- =  

0.02 from curve A-A (reference 17) 

C = 7.0 BTU/lb-mole OF 

k = O.OlO5  BTU/hour ft  OF 
P 

36 



= * = 11.-mole 7.0 UTU O F )  ( f t -hour  0.034 lbm ) 
P r  = 0.756 

Pr2/3 = 0.83 

- J GC - - (0.020) ( 609 lbm2) 
( ~ r ) ~ ' 3  hour f t  ho - 

(Hour f t  O F )  (lb-mole ) 
0.0105 BTU 30.17 lbm 

( 7 - 0  BTU )( 1 ) ( lb-mole ) 
lb-mole O F  0.83 30.17 lbm 

ho = 3.43 BTU/hour f t 2  O F  

= 40 BTU/hour OF' 
hOA 

A =(hour 40 BTU ( ft2 OF) = 11.8 f t  2 3.43 UTU 

2 11.8 f t  Hent Transfer Area 

30" long exchanger will be s u f f i c i e n t ,  

PRESSURE DROP ACROSS EXCHANGER 

The fsllcving pressure drop cor re l a t ion  i s  given i n  reference 17. 

- -  0.864 + 1.507 
2g P 1  + P2 P I  

= i 8fL 

where : 

c P =  

G =  

g =  

f =  

L =  

- 
p 1  - 
p2 - - 

2 pressure drop, l b f / f t  

flow stream mass ve loc i ty  lbm/ft  

g rav i ty  constant  4.17 x 10 

2 hour 

8 2 f t / hour  

fanning f r i c t i o n  f a c t o r  

exchanger flow length f t  

3 entrance dens i ty  lbm/ft  

e x i t  dens i ty  lbm/ft  3 
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For t h e  

. f  = 

= 
p1 

p2 - - 

m =  

CP = 

CP = 

OP = 

CP = 

low pressure  stream: 

0.25 ( r e fe rence  17) 

4.4 D4.2 - 7.85 + 33.51 

4.4 x lom4 (3267) 

l b  1 .4  - 
f t2 -  

l b  L- 
1 0.097 2 = 2.7 i n  €120 

i n  

SYSTE1.I BEAT LEAK 

Since t h e  hea t  exchanger w i l l  be 30 inches long, t he  height  of t he  co ld  box 

i s  est imated t o  be 36 inches.  

t h e  co ld  box i s  estimated t o  be 18 inches wide and 18 inches deep. 

conductive hea t  leak  through t h e  walls of the  cold box will be 

I n  order  t o  contain the  var ious components, 

"he 

where t = i n su la t ion  thickness.  - kAA T 
t Q, - - 

The apparent conduct ivi ty  k of mult iple  l a y e r  i n su la t ion  2" t h i c k  at a 

pressure  of 10 -4 -5 BTU 2 OF mm Hg i s  3 x 10 hour f t  ft 
80 + (-250) = -850F, For an average i n t e r n a l  cold box temperature of 

t h e  temperature OT w i l l  be 70°F - (-  85 

The hea t  t r a n s f e r  area w i l l  be: 

= 155OF 

2 4 (3 x 1.5) f t 2  + 2 (1.5 x 1.5) f t  = 18 + 4.5 = 22.5 f t  

38 
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. 

t = -  f t  = .167 f t  
12 

S u b s t i t u t i n g  51, 52, 53, and 54 i n t o  Equation ( 5 0 )  

2 1 (22.5 ft  ( 85OF) 7 3 x BTU 
Q1= 2 O F  .1 7 f t  hour f t  - f t  

For a t y p i c a l  support member such as a 3" s t a i n l e s s  s t ee l  channel 

- kACT 
Q2 - t 

1 4  4 
k = 8 -  BTU 2 op 

hour f t  - f t  

If support  members are at tached t o  t h e  w a r m  pieces  of equipment such as 

t h e  No. 1 hea t  exchanger, cooler ,  and water separator  a CT of' (70-40)°F = 

30°F w i l l  be obtained 

t = -  f t  = 0.167 ft. 
12 

l 4 O 4  p e r  s t r u c t u r a l  member - 
92 - hour 

Assuming a 95% e f f i c i e n t  power conversion i n  t h e  tu rb ine  loading device,  

a hea t  load of (0 .05  x t u rb ine  work) w i l l  be placed on the  system. 

UTU B~ = 31 - 
hour Q3 = (0.05) (620.1 hour 

39 



The tota l  heat lealc = Q = B, + U2 + Q3 

BTU BTU 14* hour structural member Q = 0.3 + ( 4  structural members) 

BTU Q = 8 9 -  hour 

40 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 

IUFERENCES 

1. A i r  Products and Chemicals, Inc. ,  Allentown, Pennsylvania, 

"Adsorption of Water on Selected Adsorbents", Memo P. I?. Sahgal 

t o  S. Ii. Goradia, May 3,  1963. 

2. A i r  Products and Chemicals, Inc. ,  Allentown, Pennsylvania, 

"Multiple Layer Insu la t ion  L i t e ra tu re  Survey-Theory" , llenault , P. B. 

and Wojcik, L. J., Technical Heport # ] t o ,  January 1962. 

3. A i r  Products and Chemicals, Inc., "Solvent Removal of Trace Contaminants 

from Manned Cabin Atmospheres", Proposal 4-2525-4, 1963. 

4, A i r  Products and ChemiCfd.6, Inc  ., Research and Development, Allentowxi 

Pennsylvania, Notebook No. 01146,1963. 

5. A i r  Products and Chemicals, Inc.  , "Technical Data Book". 

a. Oxygen 

(1 1 D------- , I A +. c -EntiztiLpy 

(2) Density 

(3) viscosity 

(4) Specific Heat 

(5) Thermal Conductivity 

b. Nitrogen 

(1) Pressure-Enthalpy 

(2) Density 

(3) viscosity 

(4) T h e m  Conductivity 

C .  Carbon Dioxide 

(1) Pressure-Enthalpy 

(2) Vapor Pressure 

(3) Specific Heat 41 

101.144 (Rev. 2) 

104.144 

103.144 (Rev. 1) 

105 . 144 
106.144 (Rev. 1) 

101.141 (Rev. 2) 

104.141 (Rev. i) 
103.141 (Rev. 1) 

106.141 (Rev. 1) 

101.207 

107.207 (Rev. 1) 

105 0 207 



1 
1 
I 
1 
I 
I 
I 
I 
I 
8 
I 
I 
I 
I 
I 
I 
I 
1 

6. Clarke, L., Manual f o r  Process Ungineering Calculat ions,  McGraw-liill, 

New York, 1947, p. 365. 

7. Coffin, W. U., Personal Communication, August 1 4 ,  1963. 

8, DuPont, E. I., Company, "Freon Technical Bu l l e t in  B-2". 

9. Graphite Metal l iz ing Corporation, "Graphalloy", B u l l e t i n  DS-1001. 

10. Graphite Metal l iz ing Corporation, "Low Temperature Bearings and Seals", 

Data Sheet 347. 

11. Joy Manufacturing Company, "The Joy Oil-Free Compressor", B u l l e t i n  A-92R. 

12. Keenan, J. ti., and Keyes, F. G. ,  Thermodynamic P rope r t i e s  of Steam, 

Wiley, New York, 1936. 

13. Krei th ,  F. J. , Pr inc ip l e s  of Heat Transfer", I n t e r n a t i o n a l  Textbook 

Company, S c r a n t  on, Penns ylvani a, 19 5 8 . 
14. Mooney, D. A., Mechanical Engineering Thermodynamics", P ren t i ce  Ifall, 

Englewood, New Jersey,  1953. 

16. Perry,  J. H. ,  Chemical Engineer's Handbook, Third Edi t ion,  McGraw-Hill, 

New York, 1950. 

17. Trane Company, "Extended Surface Heat Transfer Equipment", 

B u l l e t i n  DS378, March 1953. 

42 


